From early in limb development the transcription factor Gli3 acts to define boundaries of gene expression along the anterior-posterior (AP) axis, establishing asymmetric patterns required to provide positional information. As limb development proceeds, posterior mesenchyme expression of Sonic hedgehog (Shh) regulates Gli3 transcription and post-translational processing to specify digit number and identity. The molecular cascades dependent on Gli3 at later stages of limb development, which link early patterning events with final digit morphogenesis, remain poorly characterised. By analysing the transcriptional consequences of loss of Gli3 in the anterior margin of the E11.5 and E12.5 limb bud in the polydactylous mouse mutant extra-toes (Gli3 Xt/Xt ), we have identified a number of known and novel transcripts dependent on Gli3 in the limb. In particular, we demonstrated that the genes encoding the paired box transcription factor Pax9, the Notch ligand Jagged1 and the cell surface receptor Cdo are dependent on Gli3 for correct expression in the anterior limb mesenchyme. Analysis of expression in compound Shh;Gli3 mutant mouse embryos and in both in vitro and in vivo Shh signaling assays, further defined the importance of Shh regulated processing of Gli3 in controlling gene expression. In particular Pax9 regulation by Shh and Gli3 was shown to be context dependent, with major differences between the limb and somite revealed by Shh bead implantation experiments in the chick. Jagged1 was shown to be induced by Shh in the chick limb and in a C3H10T1/2 cell based signaling assay, with Shh;Gli3 mutant analysis indicating that expression is dependent on Gli3 derepression. Our data have also revealed that perturbation of early patterning events within the Gli3 Xt/Xt limb culminates in a specific delay of anterior chondrogenesis which is subsequently realised as extra digits. q
Introduction
Distal limb development along the AP (thumb to little finger) axis is governed primarily by a region of the posterior limb mesenchyme known as the zone of polarising activity (ZPA) (Saunders Jr., 1948; Saunders Jr. and Gasseling, 1968) , and the major signal exhibiting polarising potential in the ZPA is Sonic hedgehog (Shh) (Riddle et al., 1993) . Despite the central role of Shh in AP limb patterning (Chiang et al., 2001; Riddle et al., 1993) , asymmetric gene expression along the AP axis occurs soon after limb bud emergence from the lateral plate mesoderm and prior to establishment of Shh signaling. At embryonic day 9.5 (E9.5) in the mouse, expression of the gene encoding the transcription factor Gli3 is anteriorly restricted and potentiates anterior expression of the Aristaless-like4 (Alx4) transcription factor gene (te Welscher et al., 2002a) . Concomitantly, Gli3 restricts expression of the basic helix-loop-helix transcription factor gene dHand to Mechanisms of Development 122 (2005) the posterior mesenchyme and a mutual antagonism is observed where dHand defines the AP boundary of Gli3 and Alx4 expression (te Welscher et al., 2002a) . This molecular antagonism prepatterns the limb mesenchyme, contributing to the initiation and correct positioning of Shh expressing cells (Charite et al., 2000) . Once established, Shh signaling participates in a positive feed back loop with Fibroblast growth factor (Fgf) signaling from the apical ectodermal ridge (AER) to allow proliferation of the distal limb mesenchyme and digit formation (reviewed in Mariani and Martin, 2003) . Molecules which interpret the Shh signal in the distal mesenchyme, while not fully characterised to date, include members of the Hoxd cluster (Chiang et al., 2001; Riddle et al., 1993) . Interestingly, recent evidence suggests that Hoxd genes also participate in early prepatterning events (Zakany et al., 2004) . Mutation of Gli3 is the underlying cause of multiple human dysmorphology syndromes which are all characterised by digit anomalies (Kang et al., 1997; Radhakrishna et al., 1997 Radhakrishna et al., , 1999 Vortkamp et al., 1991) . In mouse, the J allele of the spontaneous mutation extra-toes (Gli3 Xt/Xt ) results from a 51.5 Kb deletion encompassing the 3 0 end of the Gli3 gene (Maynard et al., 2002) . This deletion is thought to generate a null Gli3 allele and results in preaxial polydactyly of one extra digit in the heterozygous state, and 6-11 unpatterned digits in the homozygous form (Hui and Joyner, 1993) . Digits of the Gli3
Xt/Xt autopod are often syndactylous and display anterior bunching (Litingtung et al., 2002) . Gli3 is a member of the family of three vertebrate zinc-finger transcription factors which are primarily responsible for the transcriptional mediation of the Shh signal in multiple embryonic contexts. Studies in null mice have indicated that of the three Gli genes, Gli3 is the only one with a significant role in AP autopod development, though some redundancy is suggested in Gli2 K/K ;Gli3 C/Xt compound mutants (Mo et al., 1997) . The Gli3 protein has identifiable C-terminal activation and N-terminal repression domains suggesting that it can act as a bipotential transcription factor. In an analogous fashion to the regulation of its Drosophila orthologue Cubitus interruptus, the repressive activity of Gli3 is mediated by proteolytic cleavage of the full-length 190 KDa protein (Gli3-190) into a 83 KDa repressor form (Gli3R) which lacks the C-terminal activation domain (Wang et al., 2000) . This processing of Gli3 to its repressor form is inhibited by Shh, resulting in a gradient of Gli3R across the limb bud such that highest levels of Gli3R are found anteriorly, with lower levels in the posterior mesenchyme close to the Shh signal (Wang et al., 2000) . Evidence now suggests that the establishment of this Gli3R gradient by Shh, which in turn acts to restrict Shh and other target genes to the posterior mesenchyme, is pivotal to AP limb patterning. While Gli3 is primarily considered to act as a transcriptional repressor, an activator role for Gli3 in the limb has recently been suggested in vivo (Ahn and Joyner, 2004) , however its relevance to the process of limb patterning remains to be determined. In other embryonic contexts such as the neural tube (Bai et al., 2004; Motoyama et al., 2003) and somite (Buttitta et al., 2003) , an activator function of Gli3 does contribute to patterning processes.
Understanding the molecular consequences of loss of Gli3 in the limb bud, resulting ultimately in polydactyly, has to date relied on analysis of genes with known roles in limb development. Initially the phenotype was attributed to a small region of ectopic Shh expression in the anterior mesenchyme (Buscher et al., 1997; Masuya et al., 1997) as seen in many other polydactylous mutants. However, analyses in Shh and Gli3 compound null mice suggest a more direct role for loss of Gli3 repressor activity in the extra-toes polydactylous phenotype (Litingtung et al., 2002; te Welscher et al., 2002b) . Limbs of Shh null mice (Shh K/K ) are characterised by loss of all digits with the exception of digit 1 (most anterior) in the hindlimb (Chiang et al., 1996) . Loss of one and then both alleles of Gli3 on a Shh null background progressively restores distal limb elements in a dosage dependent manner such that Shh K/K ;Gli3 Xt/Xt limbs are indistinguishable from Gli3
Xt/Xt limbs (Litingtung et al., 2002; te Welscher et al., 2002b) . These data have led to the conclusion that neither Shh nor Gli3 are required for formation of the limb skeleton, with their major role being in regulation of digit number and identity.
Loss of Shh results in uniform expression of Gli3R across the limb bud (Litingtung et al., 2002) , with subsequent repression of posterior genes necessary for distal progression. Loss of Gli3 has been shown to cause an expansion of posterior gene expression anteriorly, and subsequent development of extra digits in this region. Ectopic expression in the Gli3
Xt/Xt anterior mesenchyme has been observed for dHand, Hoxd and Hoxa cluster genes and Gremlin, while Fgf4 is expanded in the anterior AER of Gli3 Xt/Xt limbs (Buscher et al., 1997; Litingtung et al., 2002; te Welscher et al., 2002b) . It is likely that loss of Gli3 may also manifest as a downregulation of anterior gene expression due to either a cascade effect or a direct loss of potential Gli3 activator function. Such a downregulation in the Gli3
Xt/Xt anterior mesenchyme has previously been reported for Alx4 (te Welscher et al., 2002a) and Bmp4 (Bastida et al., 2004) .
We used microarray technology to investigate the transcriptional consequences of loss of Gli3 from the anterior mesenchyme of the developing mouse limb bud at both E11.5 and E12.5. Comparisons were made between RNA derived from the anterior margin of Gli3
Xt/Xt limb buds and that derived from wild type littermates. As a result 16 transcripts have been independently validated as being dysregulated in Gli3
Xt/Xt limb buds, based primarily on whole mount in situ hybridisation (WISH) analysis. Amongst these Pax9 and Jagged1 showed striking alterations in the anterior mesenchyme, and their regulation was further investigated in Shh;Gli3 double mutants and in both in vitro and in vivo Shh signaling assays. Many of the genes we identified have a previously characterised role in embryonic development, although their role in AP limb patterning is yet to be explored. These include a number of genes involved in chondrocyte maturation, pointing to a role for Gli3 in regulating the timing of this process in the anterior limb bud. These data extend our understanding of the polydactylous phenotype in the Gli3
Xt/Xt mouse mutant and shed further light on the complex molecular hierarchies governing digit specification and limb development.
Materials and methods

Mouse strains and genotyping
Gli3
Xt/Xt mice (Jackson allele) were maintained on a C57BL6 background and adult mice genotyped according to their characteristic limb phenotype (Hui and Joyner, 1993; Johnson, 1967) . Shh K/K and Shh K/K ; Gli3 Xt/Xt mutant mice were maintained in a mixed background of C57BL6, Sv129 and CD1, and genotyped as described (Chiang et al., 1996; Mill et al., 2003) . Embryos were collected following timed matings. Those embryos used for microarray sample collection were genotyped by RT-PCR analysis of embryonic head RNA. Using a common forward primer (tcagccctgcggaatac), specific reverse primers were used to identify a 5 0 sequence common to both alleles (tgatcttgggtgtcgaac), a wild-type (WT) specific allele (gtactgggctttgaacgg) and/or a Gli3 Xt/Xt specific allele (aactcacctgagtcagac) designed based on Xt J fusion transcript sequence (Buscher et al., 1998) . The genotype of E11.5 or E12.5 embryos used in whole mount in situ hybridisation procedures was inferred by enlargement of the first branchial arch and expansion of anterior limb buds. The genotype of E10.5 embryos used in whole mount in situ hybridisation (WISH) procedures was determined by RT-PCR analysis (as described above) of yolk-sac RNA.
RNA isolation and amplification
E11.5 and E12.5 embryos used for RNA collection were staged according to hindlimb morphology. Forelimbs were dissected into three segments of roughly equal size with only the most anterior tissue collected for this analysis. Hindlimbs were sectioned down the midline. Following genotyping as described above, Gli3
Xt/Xt and WT littermates were processed independently. Limb sections from multiple embryos at a given embryonic stage were pooled and homogenised using a 26 gauge needle followed by Qiashredder (Qiagen). RNA was extracted using RNeasy (Qiagen) with added DNase treatment. Total RNA (700 ng) was used in one round linear amplification reaction (MessageAmp, Ambion) and routinely yielded 40 mg antisense RNA.
Microarray clonesets and slide production
All microarray slides were produced by the SRC Microarray Facility at the Institute for Molecular Bioscience. Clonesets screened were the National Institute on Aging (NIA) developmental clone set, a normalised mouse embryonic branchial arch (NMEBA) custom cloneset and a custom control set predominantly consisting of genes with a known role in embryonic development. The NMEBA cloneset was derived from a normalised cDNA library produced from RNA derived from E10.5 branchial arches 1&2 dissected from WT mouse embryos. Library production was performed as previously described (Bonaldo et al., 1996) , and approximately 2000 clones were sequence verified at Lawrence Livermore National Laboratories, USA.
Microarray hybridisation
Antisense RNA (5 mg) was labelled by direct incorporation of Cy3-or Cy5-dUTP (Amersham) using 4 mg random hexamer priming (Promega) and Superscript II reverse transcriptase (Invitrogen). RNA was removed by alkaline hydrolysis. Labelled cDNAs were pooled and purified using QiaQuick Purification (Qiagen). Hybridisation (in 0.25 mg/ml Cot-1 DNA, 0.5 mg/ml Poly dA, 4!SSC, 0.5% SDS, 50% formamide) was performed overnight at 45 8C, under coverslips in humidified submersion chambers. Slides were washed for 5 min in 0.2!SSC/0.05% SDS and twice in 0.2!SSC prior to obtaining fluorescent images with a Genetic MicroSystems G418 scanner. Dye swap experiments were performed for each RNA comparison to identify any bias in Cy dye incorporation. For each embryonic stage, a total of four hybridisations were performed for all three clonesets. All clonesets were double spotted per slide.
Microarray data analysis
Raw image data was processed by Imagene 5.0 (Biodiscovery). All subsequent data manipulation and analysis was performed using Genespring 5.0 (Silicon Genetics). For normalisation, a Lowess curve was fit to the log-intensity versus log-ratio plot. Exactly 20.0% of the data were used to calculate the Lowess fit at each point. This curve was used to adjust the control value for each measurement. If the control channel was lower than 10 then 10 was used instead. Clones which exhibited a fold difference between Gli3
Xt/Xt and WT samples of O1.4 and a high confidence across all samples (students t-test P-value !0.05) were identified as outliers and analysed further.
Whole-mount in situ hybridisation
Whole-mount in situ hybridisation (WISH) of mouse embryos was performed as described previously (Fowles et al., 2003) . Clones obtained from the NIA and NMEBA sets were sequenced verified using external primers. Clones from the custom control set were a kind gift as follows: mJagged1, Prx1, Scleraxis, Pax1, mPax9 and Slug (P. Koopman), Aggrecan (K. Cheah) and Lhx9 (D. Wilhelm).
Northern analysis
Total RNA (8 mg) collected for microarray analysis was used to generate a Northern blot. Electrophoresis, blotting and probe hybridisation was performed as described (Ingram et al., 2002) . Bands were detected by PhosphoImage analysis and subsequently quantified using ImageQuant (Molecular Dynamics).
C3H10T1/2 Shh signaling assay
Shh signaling assay was performed as described (Ingram et al., 2002) . Essentially, C3H10T1/2 cells at confluence were treated with conditioned media obtained following transfection of C3H10T1/2 cells with either Shh or D64-Shh, a mutant form of Shh which is unable to signal. Pathway activation was monitored by qualitative assay for Alkaline phosphatase production. Treated cells were collected 24, 48 and 72 h post-treatment, and RNA isolated using RNeasy (Qiagen). Total RNA (10 mg) was analysed by Northern blot as described above.
Chick limb bud manipulation
Chick embryos were staged according to (Hamburger and Hamilton, 1951) . Affigel beads were soaked overnight at 4 8C in either recombinant Shh (Curis; 1 mg/ml), BMP2 (a kind gift of V. Rosen) or PBS for control bead implants. An incision was made in the anterior margin of stage 20-24 wing and leg buds and/or somite region at the level of the leg bud, and the bead inserted into the mesoderm. Embryos were reincubated as appropriate, collected and fixed in 4% paraformaldehyde and processed for whole mount in situ hybridisation. cJagged1 and cPax9 clones were a kind gift of C. Tabin. For cycloheximide treatment, stock solution (100 mg/ml in DMF) was diluted to 1 mg/ml using PBS and 100 ml added to the limb following bead implantation.
Results
Identification of transcriptional changes in the Gli3
Xt/Xt anterior limb bud Tissue was collected from E11.5 and E12.5 anterior wild-type and Gli3
Xt/Xt limb buds. These time-points reflect crucial periods where morphological changes are first evident in Gli3
Xt/Xt limb buds. Since we anticipate that a subset of the genes identified in this screen may participate in earlier Gli3-dependent patterning processes, further analysis of genes of interest was extended to earlier stages of development where appropriate (see below). Following genotyping, samples from like genotypes were pooled, RNA isolated and amplified, and a direct comparison of wild-type and Gli3
Xt/Xt RNA performed by microarray techniques. RNA was used to interrogate 3 cDNA clonesets; The National Institute on Aging (NIA; 15,247 clones), a Normalised Mouse Embryonic Branchial Arch (NMEBA; 1920 clones) library and a custom cloneset consisting primarily of known developmental genes (768 clones). In total, these 17,935 elements represent approximately 14,000 non-redundant clones as determined by UniGene annotation comparison. Microarray data analysis was initially performed as a composite of both embryonic stages to identify clones with a sustained change in expression level, however subsequent analysis to highlight stage specific changes in gene expression was performed. Following Lowess normalisation of raw data, clones with a fold difference between Gli3
Xt/Xt and WT samples of O1.4 and a high confidence across all samples (students t-test P-value !0.05) were identified as outliers. Using this criteria, we have identified a total of 61 unique transcripts (16 upregulated and 45 downregulated) as potentially dysregulated in Gli3
Xt/Xt anterior limb buds across both embryonic stages. Data for the 61 transcripts, as well as non-redundant transcripts identified as dysregulated at E11.5 or E12.5 only are available in Supplementary information, while complete raw data has been deposited into Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/; Accession number GSE2808).
Gli3 exhibited an 8.70-fold (P-value 8.26!10 K4 ) downregulation in the anterior Gli3
Xt/Xt limb bud, thus defining the limits of sensitivity of these microarray data. Pax9 showed a consistent downregulation of 4.83-fold (Pvalue 2.02!10 K3 ) in Gli3 Xt/Xt limbs. All other clones identified as either up-or downregulated across both embryonic stages showed 2-fold or less change in expression level, presumably reflecting the inherent difficulties associated with using this approach to analyse tissue samples representing heterogeneous populations of cells. cDNAs representing the known Gli3 target genes dHand, Gremlin, Fgf4 or Hoxa and Hoxd cluster genes were not present in any cloneset analysed.
Independent validation of 16 transcripts as altered in Gli3
Xt/Xt anterior limb buds
To date, 14 clones identified as dysregulated at both embryonic stages and two clones identified as downregulated at E12.5 only have been independently validated. Given the relatively low quantitative changes in expression levels observed by microarray analysis, it was important that we used a rigorous means of primary validation such as WISH, which provides a spatio-temporal analysis of gene expression changes. For each gene and each embryonic stage, expression was analysed in at least three independent mutant, heterozygous and wild type embryos. Where WISH was not conclusive, northern blotting analysis of RNA isolated for microarrays was performed, and all five clones analysed by this means corroborate array data. A complete list of validated clones is presented in Table 1 . In addition to a number of known genes, this unbiased genomic approach has also led to the validation of two putative protein-coding transcripts, one which is uncharacterised in mouse and the other a novel transcript not analysed previously in any species.
Validation of altered expression of known genes
Striking alterations in the Gli3
Xt/Xt limb were observed for Pax9 which, with exception of Gli3 itself, showed the highest fold dysregulation in mutant limb buds by microarray analysis. By WISH, an almost complete loss of Pax9 expression in the anterior limb mesenchyme was observed in E11.5 Gli3
Xt/Xt embryos and was sensitive to
Gli3 dosage at least in the hindlimb ( Fig. 1A-C) . Loss of expression was also observed at E12.5, at which stage Pax9 is normally expressed just distal to the boundary between autopod and zeugopod ( Fig. 1D-F ). Pax9 expression in the murine limb is first observed at E11.5 (Neubuser et al., 1995) , indicating that this gene does not act downstream of Gli3 in early limb patterning events. Despite this, targeted Pax9 loss results in preaxial digit duplication (Peters et al., 1998) , highlighting the contribution of late acting genes to skeletal patterning of the autopod. The most striking anterior upregulation in Gli3
Xt/Xt mutant limbs was observed for the gene encoding the Notch ligand Jagged1. Expansion of Jagged1 expression into the distal anterior mesenchyme was consistently seen by WISH at E11.5 ( Fig. 1G-I ) and E12.5 ( Fig. 1J -L) in a pattern similar to that seen for genes of the Hoxa and Hoxd clusters (Litingtung et al., 2002; te Welscher et al., 2002b) . The Gli3 dose-dependency of Jagged1 expression was particularly evident in hindlimb tissue. Given Note: All clones were identified as dysreglated in Gli3 Xt/Xt anterior limb buds when compared to wild-type using data combined from both embryoinc stages (E11.5 and E12.5), with the exception of Ihh and Aggrecan, where differential expression was observed at E12.5 only. Fold change represents the ratio of normalised intensity values obtained by microarray. Anteriorly upregulated (Gli3
). a It is the Drosophila orthologue of these genes which has been implicated in hedgehog signaling.
the involvement of Gli3 in early limb development, we analysed Jagged1 expression in E10.5 embryos (Fig. 1M-O) . Wild-type and Gli3
Xt/C forelimbs show low level of Jagged1 expression in the posterior mesenchyme which does not appear to overlap the ZPA. In contrast, Gli3
Xt/Xt forelimb buds exhibit stronger expression of Jagged1 extending into the anterior mesenchyme. Since very little mesenchymal expression of Jagged1 was observed in the hindlimb buds of any genotype at E10.5 (data not shown), it is likely that Jagged1 may not participate in early prepatterning events during limb development. To investigate whether Notch signaling is perturbed in the anterior mesenchyme following misexpression of Jagged1, we analysed expression of genes encoding the downstream targets of Notch signaling, Hairy/enhancer of split homolog-1 (Hes1) and Hairy/enhancer-of-split related with YRPW motif 1 (Hey1) in E11.5 Gli3
Xt/Xt mutant limbs. In both cases, a clear expansion into the anterior limb bud was observed in the mutant embryo relative to wildtype ( Fig. 1P-U) , suggesting that expansion of the Jagged1 expression domain resulted in a concomitant upregulation of Notch signaling.
Two independent clones identified in the original microarray screen were found to map 3 0 of the annotated transcript encoding Cyclin dependent kinase 6 (Cdk6). RT-PCR was used to confirm that these clones are indeed part of the Cdk6 3 0 -untranslated region. Cdk6 exhibits posteriordistal mesenchyme expression in wild-type limbs, and was validated as anteriorly expanded in E11.5 Gli3
Xt/Xt limbs in a manner reminiscent of Jagged1 and Hox gene expansion ( Fig. 2A-C) . During the cell cycle, transition from G1 to S phase is critical in determining whether a cell will continue proliferating or exit the cell cycle and undergo differentiation (reviewed in Sherr and Roberts, 2004) . This transition is controlled by a large number of cyclin and cyclin dependent kinase proteins. Cdk6 binds the D type cyclins and is responsible for phosphorylating proteins such as retinoblastoma to promote S phase entry and therefore proliferation. Cdk6 may also inhibit differentiation by a mechanism independent of cell cycle progression (Matushansky et al., 2003; Ogasawara et al., 2004) . The Cdk6 transcript localises to mouse chromosome 5A1, approximately 16 and 17 Mb proximal to the Shh and Lmbr1 genes, respectively, and within an 8 Mb genomic region harboring the proximal inversion point for a radiation-induced polydactylous mouse mutant replicated anterior zeugopod (raz) (Krebs et al., 2003) .
Other known genes which showed clear alteration in Gli3 Xt/Xt limbs by WISH include those encoding the tendon marker Scleraxis (Scx; Fig. 2D-F) , Cellular adhesion molecule (CAM) downregulated by oncogenes (Cdo; Fig. 2G-I) , and the helix-loop-helix protein Inhibitor of Differentiation 2 (Id2; also termed Inhibitor of DNA binding 2; Fig. 2J-L) .
Ectopic expression of the Scx gene in E12.5 Gli3
Xt/Xt limb buds was clearly evident at the autopod/zeugopod junction and extending further proximal (Fig. 2D-F) . Microarray analysis suggested Scx upregulation at E11.5, however this was not detected by WISH. Misexpression of Scx in the limb was maintained from E12.5 until E14.5, the latest embryonic stage analysed. While Scx upregulation in later embryos exhibited 100% penetrance (nZ10), the pattern of dysregulation showed varied expressivity in that not all limbs were consistently affected. Scx identifies mature tendons and their progenitors associated with both the axial and appendicular skeleton (Brent et al., 2003; Schweitzer et al., 2001) . Axial tendons arise from a somite subcompartment, the syndetome, whose boundaries are defined by Shh signaling from the notochord (Brent et al., 2003) . Scx is induced by Shh dependent Fgf8 signaling in the overlying myotome and excluded from the ventromedial sclerotome by Pax1 expressing cells (Brent et al., 2003) . Pax1 expression in the sclerotome is dependent on Shh expression (Chiang et al., 1996; Zhang et al., 2001) , and recent evidence shows that this requires one allele of either Gli2 or Gli3 acting in a redundant fashion (Buttitta et al., 2003) . Regulation of Scx expression in the limb is less well defined and our data support a role for Gli3 in restricting Scx expression from the anterior autopod/zeugopod junction. Ectopic anterior expression of Scx has recently been observed in more proximal regions of limbs of Alx4 K/K ;-Cart1 K/K mutants which are characterized by defects in the skeletal elements of the shoulder girdle (Kuijper et al., 2005) .
The expression of Cdo showed subtle but consistent downregulation in the anterior Gli3
Xt/Xt mesenchyme ( Fig. 2G-I) . CDO is a cell surface receptor of the immunoglobulin/fibronectin type II repeat family which mediates myogenic differentiation (Kang et al., 1998) . Mice null for the Cdo gene display minor microforms of holoprosencephaly (Cole and Krauss, 2003) , a midline defect of the brain and face also caused by mutations in the SHH gene in humans (Nanni et al., 1999) . RNA interference (RNAi) studies in Drosophila suggest that CDO acts as a positive mediator of hedgehog signaling (Lum et al., 2003) . Our identification of altered Cdo expression in Gli3
Xt/Xt limbs highlights the potential of this screen in identifying evolutionarily conserved components of the hedgehog signaling pathway, with Cdo joining the growing list of hedgehog transcriptional targets which also mediate upstream hedgehog signaling (Callahan et al., 2004; Lum et al., 2003) .
In E11.5 wild-type limb buds, Inhibitor of Differentiation 2 (Id2) is expressed in both the presumptive zeugopod and autopod (Fig. 2J) . Proximal anterior autopod expression is greatly reduced in Gli3
Xt/Xt forelimb (Fig. 2J-L ) and hindlimb (data not shown) buds, while zeugopod expression remains. Id2 is one of a family of four helix-loop-helix proteins (Id1-Id4) which, as a general rule, contribute to cell fate determination by promoting cell proliferation rather than terminal cell differentiation (reviewed in Miyazono and Miyazawa, 2002) . The potential role of Id2 in limb development remains to be explored.
A number of known developmentally regulated genes identified in this screen could not be validated by WISH either because the probe used did not detect specific expression or because the relatively low fold-changes in expression did not result in clear ectopic expression or loss from a defined subset of cells within the limb bud. Using northern blot analysis of RNA collected for microarray, Slug (Fig. 3A) , Prx1 (Fig. 3B) and Lhx9 (Fig. 3C ) were confirmed to be subtly downregulated in Gli3 mutant hindand forelimb at both E11.5 and E12.5. Expression of Aggrecan (Fig. 3D) and Ihh (Fig. 3E) , which is first detected in E12.5 hindlimbs of WT embryos, exhibits a minimum 0.5 day delay in expression in Gli3
Xt/Xt limbs, and the proposed significance of this delay is discussed below.
Expanded anterior mesenchyme in Gli3
Xt/Xt limb buds exhibits reduced expression of chondrocyte markers
Analysis of genes identified as downregulated in Gli3
Xt/Xt limbs suggested a role for Gli3 in the early steps of cartilage development. Limb skeletal elements arise following the process of endochondral ossification (EO) whereby mesenchymal cells competent to form cartilage templates condense and differentiate into chondrocytes. Subsequent proliferation, differentiation and eventual hypertrophy and vascularisation result in cartilage templates being replaced by bone (reviewed in DeLise et al., 2000) . Many genes critical to the first stages of EO were identified in this screen and subsequently validated by either WISH or northern blot analysis as downregulated in Gli3
Xt/Xt limbs, including Collagen1a2 (Col1a2) at E11.5 and Collagen2a1 (Col2a1), Aggrecan and Ihh at E12.5. Genes detected by microarray as downregulated at both embryonic stages but yet to be analysed further include N-Cadherin, Collagen9a3 and Parathyroid hormone related peptide receptor. Using WISH analysis we showed that there does not appear to be a generalised delay in mesenchymal condensation or developmental lag across the Gli3 Xt/Xt limb paddle, but rather a specific effect on the anterior margin. At E11.5, a decrease in Col1a2 expression was observed at sites not directly associated with condensing mesenchyme, in the anterior ectoderm including anterior AER (Fig. 4A-C) . At E12.5, as Col2a1 expression defines clearly the sites of future digit position in the posterior Gli3
Xt/Xt limb bud, the anterior Gli3
Xt/Xt limb mesenchyme remains undifferentiated with no evidence of supernumary digit formation (Fig. 4D-F) . The number of posterior digits discernible in E12.5 Gli3
Xt/Xt limb buds varies between mutant embryos, just as Gli3
Xt/Xt final digit number exhibits inter-animal variation. This specific delay of differentiating chondrocytes observed in the anterior limb bud was confirmed through WISH analysis of a second marker, Sox9 (Fig. 4G-I ). Sox9 is known to bind upstream enhancer elements of Col2a1 and Aggrecan (Lefebvre et al., 1997; Sekiya et al., 2000; Xie et al., 1999) suggesting a cascade effect of gene regulation following loss of Gli3. By E13.5, Col2a1 expression can be seen in cartilage condensations right across the limb paddle (data not shown).
Identification of novel transcripts regulated by Gli3 in the developing limb
Clone BG074838 (TIGR Consensus TC1571642), identified by microarray as downregulated in Gli3
Xt/Xt limb buds, was shown to be expressed in the AER and posterior mesenchyme from limb bud emergence in wild-type embryos (data not shown). Anterior mesenchyme expression, which was first detected at E11.5, appeared largely downregulated in Gli3
Xt/Xt embryos with only very proximal anterior expression remaining (Fig. 5A-D) . Fig. 3 . Validation of known developmental genes as regulated by Gli3 in the developing limb by northern blot. RNA isolated for microarray analysis was analysed for gene expression of Slug (A), Prx1 (B), Lhx9 (C), Aggrecan (D), Ihh (E), and GAPDH (F). Bands were quantified using ImageQuant and standardised for loading using GAPDH as an internal control. Within each sample, expression levels are presented as ratios relative to wild-type, arbitrarily defined as 1. HL, hindlimb; FL, forelimb. 
is observed by WISH analysis of expression of Collagen2a1 (D,E,F) and its upstream regulator Sox9 (G,H,I) (marked by brackets). A thickened AER at the very anterior margin is consistently observed in Gli3
Xt/Xt limbs (arrowhead). FL, forelimb; HL, hindlimb. Anterior is to the top, posterior to the bottom.
Loss of anterior BG074838 gene expression was clearly evident at E12.5 (data not shown). The transcript harboring EST BG074838 encodes a predicted zinc finger protein with homology to the Sp1 transcription factor. While this protein has not been characterised in mouse, sequence homology suggests it is the murine orthologue of a known zebrafish protein Nlz2, which is a member of a zinc finger protein family (also called Noz) (Andreazzoli et al., 2001 ), members of which are related to Drosophila nocA and elbow. A recently identified rat orthologue was shown to be expressed in the brain and was termed Nolz-1 (Chang et al., 2004) . In zebrafish, Nlz2 has been shown to negatively regulate gene expression involved in aspects of hindbrain patterning Sagerstrom, 2003, 2004) .
Another novel clone, BF147423, was shown by WISH to be restricted to the very anterior and posterior dorsal limb bud in wild-type embryos ( Fig. 5F ; dorsal restriction is not evident in this image). The expression domains in this case are confined primarily to the proximal limb bud with little, if any, autopod staining. Anterior expression only is virtually ablated in E11.5 Gli3
Xt/Xt hindlimbs (data not shown) with slight proximal anterior expression remaining in the mutant forelimb, though heavily reduced when compared with WT ( Fig. 5F-H) . It is interesting to note regulation of gene expression in the proximal limb by Gli3, given that the final morphology at this site is largely unaffected in Gli3
Xt/Xt mutants. The transcript harboring EST BF147423 encodes a putative multi-pass transmembrane protein (Tmem26; Genbank accession no. NM_177794) of unknown function. This predicted protein is conserved through evolution, but to date has not been characterised in any species.
Analysis of Pax9, Jagged1 and Cdo expression in Shh; Gli3 double mutant limbs
In order to explore more thoroughly the regulation of Pax9, Jagged1 and Cdo by Gli3 and Shh, expression was analysed in limbs of Shh;Gli3 compound mutants at E11.5. Expression of all three genes on a Gli3 null background was virtually unaltered by loss of Shh (Fig. 6 compare B with D,E; H with J,K and N with P,Q), supporting the previous conclusion that the action of Shh in the limb is mediated exclusively through its regulation of Gli3 processing. Further analysis in Shh K/K limbs and the various intermediate genotypes provided valuable insight into the mechanisms of spatial restriction of each of these transcripts.
Transcriptional activation of Pax9 in the limb bud is not reliant on Shh as evidenced by expression across the entire Shh K/K autopod at E11.5 (Fig. 6C) . However, the regulation of Pax9 transcription, at least in the autopod, is completely dependent on Gli3 regardless of Shh level (Fig. 6B ,D,E) (some Pax9 expression proximal to the autopod is observed in Gli3
Xt/Xt and Shh K/K ;Gli3 Xt/Xt limbs, particularly at later stages). Restoration of just one Gli3 allele on a Shh K/K null background is sufficient to allow Pax9 transcription (Fig. 6F ). Our analysis, particularly that of wild-type and Shh K/K limbs, supports the idea that positive transcription of Pax9 requires high levels of Gli3R. In the wild-type limb Gli3R is normally restricted to the anterior margin, while in the Shh K/K limb cleavage would be expected to proceed uninhibited across the A-P axis, thus accounting for Pax9 expression observed across the autopod of Shh K/K mutants. In contrast to the anterior expansion observed in Gli3
Xt/Xt mutant limbs, Jagged1 expression was shown to be virtually ablated in the Shh K/K limb at E11.5 (Fig. 6I ). This suggests that repression, and hence posterior restriction, of Jagged1 is tightly regulated by controlling the levels of Gli3R formation. The expanded expression of Jagged1 in Shh K/K ;Gli3 Xt/Xt embryos indicates that positive transcription of this gene is independent of both Shh and Gli3 in the limb. While our data strongly implicate the repressor form of Gli3 in regulating Jagged1 gene expression, it does not provide evidence as to whether this is a direct effect. The pattern of expression observed for Jagged1 in Shh K/K ;Gli3 Xt/Xt compound mutants is similar to that seen for key limb patterning genes such as Hoxd11, Hoxa13 and Hoxd13 (te Welscher et al., 2002b) with the exception that Jagged1 is not observed in the very posterior limb bud. Like these Hox genes, restoration of Jagged1 expression observed in the double mutants correlates with the dosedependent deletion of Gli3 alleles on a Shh K/K null background (Fig. 6I,K,L) .
Analysis of Cdo expression in the various Shh;Gli3 double mutant embryos suggested that Cdo and Pax9 share a common mode of regulation in the limb. Expression of Cdo across the entire Shh K/K autopod suggests high levels of Gli3R are required for its transcription. Interestingly, expression of both Pax9 and Cdo are excluded from a discrete domain in the posterior mesenchyme of Shh K/K ; Gli3
Xt/K mutant limbs. The reason for this is unclear since at this stage of limb development, we would predict relatively uniform levels of Gli3 transcript across the limb on a Shh null background (Chiang et al., 2001) . The Gli3 protein would be constitutively processed to the Gli3R form (te Welscher et al., 2002b) across the entire paddle, albeit at reduced levels in Gli3 heterozygotes.
Pax9 and Jagged1 respond to Shh in the chick limb bud
Classic chick limb bud manipulation experiments allowed us the opportunity to assess Shh responsiveness of select genes in a developmentally relevant context. Beads soaked in 1 mg/ml of Shh were placed into the anterior mesenchyme of wing and leg buds at various stages of development and alteration of Pax9 and Jagged1 expression assessed by WISH.
When Shh was introduced into the anterior chick wingbud at Stg 20-21, around the time Pax9 expression is initiated, a significant decrease in expression was observed when compared to the contralateral wingbud (16 h incubation, 5/5 embryos; Fig. 7A,B) . This effect was also seen within 5 h of bead implantation (4/4 embryos, data not shown). A similar decrease in Pax9 expression was never observed following implant of a PBS-soaked bead (5/5 embryos, data not shown). At stage 24, when Pax9 expression is well established in the limb, exposure to Shh caused only a mild decrease in expression (data not shown), suggesting Shh may play a more important role in the initiation of Pax9 expression rather than its maintenance.
Shh is known to inhibit Gli3R formation (Wang et al., 2000) , thus these results, along with the analysis in Shh;Gli3 mouse mutants, indicate that it is the Gli3R form which is required for active Pax9 transcription. Recent work has suggested that Gli3R can be converted to a transcriptional activator . To test whether Shh regulation of Pax9 is mediated via direct transcriptional Gli3 activity, we implanted a Shh-soaked bead in the presence of 1 mg/ml cycloheximide, a potent inhibitor of protein synthesis. Under these conditions, Shh could not inhibit Pax9 expression in the anterior wingbud (4/4 embryos; Pax9 is structurally and functionally conserved with Pax1, and expression of both genes in the sclerotome is dependent on Shh signaling from the notochord (Neubuser et al., 1995) . Both proteins induce chondrogenesis of the axial skeleton in a partially redundant fashion (Peters et al., 1999) . In the limb, Pax9 and Pax1 are expressed in nonoverlapping anterior mesenchyme domains, Pax9 being more distal. In previous chick limb bud experiments, Shh-soaked beads placed in the proximal wing bud had a similar inhibitory effect on Pax1 expression (Hofmann et al., 1998) . Inhibition of Pax1 expression could be recapitulated using BMP2-or BMP4-soaked beads prompting us to analyse whether the intermediate signal relaying Shh inhibition of Pax9 expression is also a BMP. Affigel beads soaked in BMP2 at a concentration of 1 mg/ml were inserted into the anterior mesenchyme at Stg 20-21 and incubated for 16 h, at which point a decrease in Pax9 expression could be observed (4/5 embryos; Fig. 7E,F) , though never to the same extent as Shh-soaked bead implants. Decreasing the length of incubation time to 6 h (3/ 3 embryos; Fig. 7G,H) had more subtle effects on Pax9 expression, while decreasing the BMP concentration to 0.1 mg/ml (16 h incubation) resulted in no changes in gene expression (data not shown). These data suggest that while BMP2 is capable of regulating Pax9 expression in the limb, its in vivo significance remains to be determined.
Implantation of Shh-soaked beads into the anterior mesenchyme of Stg 20-21 chick wingbuds resulted in a clear increase in Jagged1 expression (16 h incubation; 5/6 embryos; Fig. 7I,J) . Ectopic expression of Jagged1 was not observed directly surrounding the bead, but rather, was continuous with the normal distal domain of Jagged1 expression and adjacent to the AER regardless of implant site. This suggests Jagged1 expression requires a synergistic effect of Shh and signals emanating from the AER, likely to be Fgfs, in a manner reminiscent of Hoxd genes (Laufer et al., 1994) .
Response to Shh in a presomitic mesoderm cell line and in chick somites
The cell based Shh signaling assay we employed utilised the C3H10T1/2 multipotential pre-somitic mesoderm (PSM) cell line which, in response to Shh exposure, can be shown to differentiate along the osteoblast lineage (Kinto et al., 1997) , with corresponding upregulation of universal Shh target genes Patched (Nakamura et al., 1997) and Gli1 (Pathi et al., 2001) . C3H10T1/2 cell cultures were exposed to conditioned media harvested from C3H10T1/2 cells transfected with either a functional or mutant Shh expression construct, and cells collected for RNA and subsequent Northern blot production. In this assay we consistently observed an upregulation of alkaline phosphatase staining indicating Shh-induced differentiation of these cells (data not shown).
In the current study, upregulation of Jagged1 transcription was detected by day 1 and maintained over the 3 days of Shh exposure (Fig. 8A) . Taken together, our data suggest that Jagged1 is induced by Shh signaling in both the limb and C3H10T1/2 system, and given the widespread Jagged1 expression in Shh K/K ;Gli3 Xt/Xt limbs, the mechanism by which Shh exerts its effect is likely to be via Gli3 derepression.
Pax9 also showed an increase in expression in the C3H10T1/2 assay, but this was a later effect not observed until day 2 of Shh exposure (Fig. 8A) . This is consistent with the pre-somitic origin of the C3H10T1/2 cell line, and with evidence showing that Pax9 can be induced by Shh in PSM explant cultures (Buttitta et al., 2003) . Given the positive regulation of Pax9 by Shh in this assay, we analysed the effect of implanting a Shh-soaked bead into the caudal somite region of Stg 24 chick embryos. At this site, Shh induced Pax9 expression directly surrounding the bead (8 h incubation; 4/4 embryos, Fig. 8B ). The upregulation of Pax9 by Shh in these assays contrasts with the downregulation seen in the anterior limb bud following Shh exposure (Fig. 8A,B) , indicating that this gene is regulated by Shh and Gli3 in a context-dependent manner, likely to reflect tissue-specific differences in the relative role of the three Gli genes in mediating the hedgehog signal.
Discussion
Given the central role of Gli3 in limb development, in particular the molecular changes previously characterised in
Gli3
Xt/Xt limb buds, we sought to identify Gli3 dependent transcripts in the anterior margin of the mouse embryonic limb. The approach we employed was to use microarray technology as an initial screening tool, but to rely on validation of gene expression alterations primarily by WISH, which allows spatial evaluation of gene expression and underpins our ability to rationalise changes in gene expression in terms of developmental processes. The timepoints chosen for microarray analysis (E11.5 and E12.5) do not reflect early patterning events, but our ability to detect alterations in some genes by WISH at a range of stages highlights the potential of this approach to detect earlier patterning genes as well as those involved in later morphological changes.
4.1. Both known and novel genes were shown to be dependent on Gli3 in the mouse limb A number of known genes identified in this study have been shown previously to play a role in embryonic development but not in the context of anterior-posterior limb development. Our approach has therefore allowed the unbiased detection of alterations in expression of known developmental genes in the Gli3 mutant limb which would have been unlikely to be detected by a candidate approach. Likewise, the detection of novel transcripts clearly dependent on Gli3 for expression in the anterior limb bud introduces new players into the hierarchies governing limb development. The elucidation of the role of these transcripts in limb development requires further functional analysis, although homology to genes in other organisms has in some cases provided clues as to function.
Given that Gli3 is thought to act primarily as a transcriptional repressor in the anterior limb margin, it was surprising to find so many transcripts downregulated in Gli3
Xt/Xt limbs. It is likely that many of these changes reflect an indirect cascade of gene regulation, however, we cannot rule out the possibility that they are a direct consequence of loss of Gli3 activator function, either in the full-length or truncated form, from the anterior margin. Gli3-190 is expressed across the entire limb paddle (Wang et al., 2000) , and while fate-mapping studies indicate that positive Gli3 function is only required for Gli1 expression in the central limb region (Ahn and Joyner, 2004) , similar regulation of transcripts in other regions cannot be ruled out at this stage.
Pax9, Jagged1 and Cdo expression is reliant on Shh processing of Gli3
Given the importance of Pax9 and Jagged1 in embryonic development, and their striking alteration in the Gli3
Xt/Xt limbs, we sought to further analyse their role in Gli3 dependent limb patterning. Analysis in Shh;Gli3 compound mutants, along with in vivo bead implantation experiments in the chick, suggests that Pax9 expression in the limb requires high levels of Gli3R and other intermediate molecule(s). In contrast to the inhibition of Pax9 by exogenous Shh in the chick limb, upregulation of Pax9 expression was observed in response to Shh in the somite region of the chick trunk and also in the C3H10T1/2 assay. Ectopic Pax9 expression in Gli2 K/K ;Gli3 K/K PSM explant cultures not exposed to Shh (Buttitta et al., 2003) , suggests that Gli molecules normally act to repress Pax9 in this embryonic context, and that Shh mediates Pax9 transcription via derepression in this system. Together our data identify Pax9 as a context dependent target of Shh.
Targeted loss of Pax9 results in preaxial digit duplication (Peters et al., 1998) , although since this phenotype is not as severe as seen in the Gli3
Xt/Xt limbs, this suggests that loss of Pax9 is not sufficient to mediate the full Gli3 null phenotype. Given the pro-chondrogenic role of Pax9 in the sclerotome however, analysis of Pax9 expression in other polydactylous mouse mutants such as the Alx4 or Twist loss of function mice will help elucidate whether loss of Pax9 is a key molecular prerequisite for various preaxial polydactylous phenotypes. In the sclerotome, either Gli2 or Gli3 can maintain Pax9 expression such that loss of Pax9 is not observed in either single mutant (Buttitta et al., 2003) . While some degree of redundancy between Gli2 and Gli3 is observed during limb development (Mo et al., 1997) , Gli3 is thought of as the primary determinant of autopod patterning. This uncoupling of function is reflected at the molecular level since the presence of Gli2 is not sufficient to maintain WT levels of Pax9 in the Gli3
Xt/Xt autopod. Analysis of Jagged1 expression in the various Shh;Gli3 compound mutants suggests that repression of Jagged1 in the anterior margin of the wild type limb bud is dependent on Gli3R. While positive Jagged1 transcription was shown to be independent of Shh signaling in the absence of Gli3, it is normally reliant on Shh mediated processing of Gli3 in the limb. The demonstration that Jagged1 responds to Shh similarly in the C3H10T1/2 cell culture assay supports a role for Shh mediated control of Jagged1 expression in a range of tissue-specific contexts, but whether this is dependent on Gli3 processing in all cases remains to be determined.
The Drosophila orthologue of Jagged1, serrate1, is inhibited by Hh in establishing epidermal segment polarity (Alexandre et al., 1999) and is regulated by Hh in the developing eye (Cho et al., 2000) , however a role for Jagged1 in patterning the distal vertebrate limb mesenchyme has not been described to date. Jagged1 loss of function in humans with Alagille syndrome rarely affects the appendicular skeleton, though cases of shortened distal phalanges have been reported (Riely et al., 1979) . Early embryonic lethality of mice homozygous for Jagged1 loss of function precludes analysis of limb patterning defects (Xue et al., 1999) although, given the upregulation observed in Gli3
Xt/Xt limbs, ectopic overexpression or gain-offunction studies will be more applicable to address this question. Retroviral overexpression of Hairy1, the chicken orthologue of Hes1, results in shortening of skeletal elements suggesting that this pathway is indeed instructive in the distal limb mesenchyme, at least in terms of differentiation (Vasiliauskas et al., 2003) . The data described here provide the first evidence that Jagged1 may be involved in AP limb development, and provide a previously undescribed link between Hedgehog and Notch signaling in the vertebrate limb. The identification of perturbed Jagged1 expression in the developing Gli3
Xt/Xt neural tube (EM, unpublished observations) along with the observation that Notch activity is enhanced in and essential for the survival of tumors induced by constitutive Hh signaling (Hallahan et al., 2004) , suggests that these two key signaling pathways are intricately linked in multiple aspects of vertebrate development and tumorigenesis.
Analysis of Cdo expression in Shh;Gli3 compound mutant embryos highlighted a common mode of spatial regulation between this gene and Pax9. In WT limbs, these genes mark the anterior margin, where the proximal elements of digit 1 will form. It is therefore extremely interesting to note that in Gli3
Xt/Xt and Shh K/K ;Gli3
Xt/Xt limbs, absence of these 'anterior genes' correlates with absence of a definable digit 1. Conversely, in the Shh
limb where these anterior genes are ectopically expressed across the entire paddle, the single digit that will form in the hindlimb has the molecular hallmarks of a digit 1. Likewise, the two anterior digits in Shh K/K ;Gli3 C/Xt limbs are identifiable as digit1 (Litingtung et al., 2002) , and expression of these anterior genes is again markedly expanded in these limbs.
Proliferation versus differentiation in the anterior Gli3
Xt/Xt limb
We have validated two genes whose anterior expansion in the Gli3
Xt/Xt limb is reminiscent of anterior Hox gene expansion. The current understanding of limb development suggests that Shh induces 'posterior genes' which promote proliferation necessary for distal limb development, though the mechanisms which underly this proliferation have not been characterised. It is therefore of interest that the two genes which exhibit classic 'posterior gene' expression, Jagged1 and Cdk6, have known roles in cellular proliferation. The molecular mechanisms by which Shh regulates cell cycle progression has been more widely studied in terms of neuronal differentiation where Shh expression enhances proliferation through increased transcription of cyclin D1, cyclin D2 and cyclin E (Ishibashi and McMahon, 2002; Kenney and Rowitch, 2000) . Retroviral overexpression of cyclin D1 and cyclin D2 in chick directs neuronal progenitors towards proliferation rather than differentiation (Lobjois et al., 2004) . Our work indicates that in addition to transcriptional regulation of cyclin gene expression by Shh, cyclin dependent kinase gene transcription may also be similarly regulated, at least in the developing limb. Notch signaling is associated with cell fate determination during development, and controls the balance between proliferation and differentiation in a number of contexts. The identification of both Jagged1 and Cdk6 in this study builds on our knowledge of the molecular players recruited by Shh to promote and regulate cellular proliferation.
Our analysis has allowed us to uncover a specific delay in chondrogenesis in the anterior limb bud margin. We suggest that the delay in establishing condensation in the anterior margin would result in an increased number of chondroprogenitor cells which is subsequently realised as extra digits. In chick, the Talpid 2 mutant displays shortened polydactylous digits which are often fused. While the genetic lesion in this mutant is unknown, the dynamics of Gli3 protein processing are dramatically altered such that uniform low levels of Gli3R and concomitant increase in the full length Gli3 species is observed (Wang et al., 2000) . The abnormal condensation size observed in Talpid 2 mutant limb buds is in part due to altered expression of the cellular adhesion molecule N-CAM (Chuong et al., 1993) . We speculate that alterations in cellular adhesion may contribute to the aberrant condensation and bunching of anterior digits observed in Gli3
Xt/Xt and Shh K/K ;Gli3 Xt/Xt mice. While our data implicate Gli3 in regulating the timing of chondrogenesis in the anterior limb bud, they provide no indication as to whether this is a direct or indirect effect.
Concluding comments
The experimental approach described here addresses the molecular consequences of loss of Gli3 at later stages of limb development. The process by which digit number and identity are established maintains a certain degree of plasticity at later stages. This is evidenced in the polydactyly observed following loss of Pax9, a gene whose expression is not initiated in the mouse limb until E11.5. Moreover, it has been shown that even after condensation formation, digit identity can be influenced by manipulation of interdigital mesenchyme (Dahn and Fallon, 2000) , indicating crucial molecular interactions at these later stages. Further analysis of the molecular targets uncovered in this screen is likely to lead to a more complete understanding of the hierarchies governing AP limb development. In addition, some of the transcripts analysed exhibited altered expression in other regions of the embryo patterned by Shh, including the developing face and neural tube (EM, unpublished data). It is therefore likely that these transcripts will have more widespread roles in development of the mammalian embryo, and will aid in the eventual elucidation of tissue specific mediation of the hedgehog signal by the various Gli transcription factors.
